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D script I n 

BACKGROUND OF THE INVENTION 

5 Field of the Invention 

The present invention relates to impedance matching, and more particularly to a method and apparatus for per- 
forming impedance transformations between dissimilar circuit input and output load impedances over broad band- 
widths. The invention further relates to employing parallel distributed amplifiers in an amplifier structure to obtain large 
10 impedance matching ratios between input and output loads. 

Related Technical Art 

In many applications, it is necessary to transfer electronic signals between components, devices, or systems having 
is different input/output load impedances. That is, the characteristic output impedance for one device or system may 
differ from the characteristic input impedance of a corresponding load device connected to that output. Any impedance 
mismatch results in signal reflection or attenuation and a signal being transferred between the devices or systems may 
experience severe degradation or noise. 

To avoid the deleterious effects of impedance mismatching, a variety of devices or circuits have been used to 
20 perform impedance transformations. An impedance transformation device receives signals at an input having a first 
operating impedance, which approximates the characteristic impedance of an input load, and transfers the signal to 
an output operating at a second impedance which approximates that of a proposed load. One such device is an im- 
pedance matching transformer having windings whose characteristic inductive impedance matches that of the respec- 
tive input and output loads. In microwave applications, quarter wavelength transformers have proven useful for imped- 
es ance matching. 

However, the use of transformer-type impedance transformation devices is generally limited to fixed frequency or 
resistive impedance load applications. The inductive nature of the transformer makes its output very dependent on 
operating frequency and it cannot be designed to accommodate large bandwidths. In addition, since a transformer 
design is static, a transformer cannot adjust to frequency dependent or adjustable impedance changes in reactive loads. 

30 Another impedance transformation or matching technique is the application of reactively tuned amplifiers. Here, 

appropriately biased transistors are used to transfer an input signal (power) from a source having a first characteristic 
impedance to a load with a different impedance over a specified frequency range. Within any amplifier design, transistor 
or transistor stage impedance matching then becomes an important design problem. There is a natural attenuation or 
gain roll-off that occurs across the frequency limits. To compensate for transistor impedance matching and roll-off, 

35 matched amplifier stages are required. While this is conventionally accomplished, it requires complex circuit designs, 
careful component selection and matching, and multi-sectional filters among other design considerations. The resulting 
designs can cover moderate band widths with high power. Unfortunately, this approach has proven to be too complex, 
costly, and difficult for alignment and tuning for most very high frequency applications. This technique does not lend 
itself to monolithic, mass produced circuits. In addition, the operating bandwidth of reactive circuits is limited by the 

40 reactive matching network which is known to have about a two octave limit. 

One proposed method of transferring signals over a very high bandwidth, especially at high frequencies, is to use 
distributed amplifiers. Such amplifiers achieve very broad band signal amplification and show potential for obtaining 
up to five to six octave bandwidths. However, distributed amplifiers transfer signals between input and output imped- 
ances of the same value. If there is a difference in the impedances, signal degradation occurs and the amplification or 

45 gain of the circuit is relied upon to compensate for losses. However, impedance mismatch significantly affects output 
power and amplifier efficiency, and contributes to high signal reflection which in turn causes poor VSWR. 

Further, attention is drawn to "ARCHIV FUR ELEKTRONIK UND UBERTRAGUNGSTECHNIK" (AEU), Vol. 27, 
No. 10, pages 448 to 450, 1973, Stuttgart, DE; U. Christ: "Kettenverstarker mit doppetter Eingangslaufzeitkette" in 
which a distributed amplifier with two input delay lines and MeSFET's as active elements is described. Due to the 

so damping of the input transmission line the number of active sections and the attainable gain is limited. By adding a 
second input delay line the gain can almost be doubled. Finally the values for the input and output delay line structures 
are presented which were achieved by numerical optimization with respect to the scattering coefficient. 

What is needed in the art is a method or apparatus tor transferring signals between elements or loads having 
widely different characteristic impedances. The method needs to have a very broad bandwidth response at very high 

55 frequencies. It would be advantageous to obtain appreciable signal gain during transfer with very flat response over 
the apparatus bandwidth. 
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SUMMARY OF THE INVENTION 

With the above problems of the art in mind, it is one purpose of the present invention to provide a method and 
apparatus for impedance transformation at very high frequencies. 
5 An advantage of the invention is that it provides an apparatus for impedance matching that is readily reduced to 

a monolithic structure. 

Another purpose of the invention is to provide an apparatus for impedance matching that provides large impedance 
ratios between the output and input. 

Another advantage of the invention is that it provides low reflection and highly stable operation over a broad fre- 
io quency range. 

The above objects are achieved by an impedance transformation apparatus as set forth in claim 1 and by a method 
of impedance transformation as set forth in claim 8. 

Preferred embodiments of the invention are claimed in the dependent claims. 

Said impedance transformation apparatus comprises a plurality of n parallel distributed amplifiers each distributed 

is amplifier having a series of m active elements combined with passive components to form a pair of synthetic trans- 
mission line structures. The m active elements comprise elements such as, but not limited to, GaAs field effect tran- 
sistors which amplify the signal being transferred. Each transmission line comprises shunt input and output capaci- 
tances for each active element, series inductance, and a termination impedance Z, typically in the form of a resistor. 
In some embodiments, additional output shunt capacitors or inductors are added on output transmission lines to adjust 

20 impedance and phase velocities. The value of any added capacitance and the series inductances are determined by 
requiring input and output transmission line phase velocities to be equal. 

The distributed amplifiers are configured to have at least one common transmission line using the same series 
inductance elements and termination impedance. The other transmission line for each distributed amplifier is connected 
in parallel with the second transmission lines of the other amplifiers. In most preferred embodiments, only one common 

25 transmission line is connected through m active elements to n parallel transmission lines. Input signals are applied to 
n parallel, or the single common, transmission lines, each having a characteristic input impedance of and output 
signals are derived from either a single or a plurality of n parallel transmission lines, respectively, also having an output 
impedance of Zq. Therefore, the impedance transformation accomplished is either ZJn to Z 0 or Z 0 to ZJn. 

In preferred embodiments, the active elements each comprise cascode pairs of field effect transistors configured 

30 as m parallel sets of n pairs per set connected to the transmission lines between each line inductance. 

It has been found that the output gain for the apparatus of the invention is about 2dB higher and its return loss is 
significantly lower, 5 to 15dB, than previous distributed amplifier circuits having adjusted impedance values for each 
transmission line. While conventional circuits become conditionally stable at about 12.5 GHz, the apparatus of the 
invention is unconditionally stable across all frequencies with a stability factor greater than 3. 

35 in further embodiments, the cascode transistor pairs each comprise 0.5 jam gate length GaAs FETs. The common 

source FETs may be designed as single FET structures using a split source and the common gate FETs designed with 
gate connections on both sides. This dual FET structure results in minimized parasitic capacitances and minimum 
complexity for easy circuit implementation. 

An alternative embodiment has also been discovered which is useful as a broadband matching circuit for a sem- 

40 iconductor laser where an 8:1 impedance transformation is typically required. In this latter embodiment, the common 
gate FET of a cascode pair is replaced by n source coupled common gate FETs, each having a gate width on the order 
of 1/n times the gate width of a common source FET 

This reduces the DC power required to operate the transformation circuit by a factor of n and increases the bandwidth 
by a factor of n. 

45 in one embodiment of the semiconductor laser circuit, an 8:1 impedance transformation is obtained by using n-4 

parallel output transmission lines and one input transmission line while also terminating each transmission line in half 
the input impedance which effects an additional 2:1 impedance reduction. It is believed this circuit has the desired 
impedance match over the frequency range from 0.5 to 12.5 GHz with a gain of 8.5 ±1 dB from 0.5 to 12.5 GHz and 
better than 10 dB return loss at both the input and output based on known S-parameters for 200 u,m gate width and 

50 0.25 urn gate length AIGaAs HEMTs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The novel features of the present invention may be better understood from the accompanying description when 
55 taken in conjunction with the accompanying drawings in which: 

Figure 1 illustrates a functional overview of distributed amplifier circuits; 



3 



EP 0 401 632 B1 

Figure 2 illustrates an impedance matching distributed amplifier apparatus constructed according to the principles 
of the present invention with Figure 2a accomplishing increase-by-n and Figure 2b accomplishing decrease-by-n; 

Figure 3a illustrates a circuit implementation of the apparatus of Figure 1; 

5 

Figure 3b illustrates a circuit implementation of the apparatus of Figure 2; 

Figure 4 provides graphical representation of output gain characteristics for the circuits of Figures 3a and 3b; 

10 Figure 5a, 5b and 5c provide graphical representation of operating and manufacturing parameters for the circuits 

of Figures 3a and 3b; 

Figure 6 illustrates an exemplary embodiment of the apparatus of Figure 2; 

is Figure 7 provides graphical representation of characteristic impedance versus frequency for the circuit of Figure 6; 

Figure 8 provides graphical representation of gain and input and output return loss characteristics versus frequency 
for the circuit of Figure 6; 

20 Figure 9 illustrates an alternate embodiment of the apparatus of Figure 2 for achieving large transformation ratios; 

Figure 10 illustrates a circuit implementation of the apparatus of Figure 9; 

Figure 11 provides graphical representation of characteristic impedance versus frequency for the circuit of Figure 
25 10; 

Figure 12 provides graphical representation of gain and input and output return loss characteristics versus fre- 
quency for the circuit of Figure 10; 

30 Figure 13 illustrates an alternate embodiment of the apparatus of Figure 10 for achieving large transformation 

ratios; and 

Figure 14 illustrates an alternate embodiment of the apparatus of Figure 2 for achieving fractional transformation 
ratios. 

35 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

The present invention provides a method and apparatus for matching dissimilar load impedances between two 
devices or systems over a broad bandwidth at high frequencies. The impedance matching is accomplished by using 

40 n parallel distributed amplifiers with one common transmission line and n parallel transmission lines each of which are 
generally terminated in a desired characteristic impedance Z. Impedance transformations are achieved by using either 
the common or parallel transmission lines as inputs or outputs. Therefore, transformations of ZM to Z or Z to Z/n are 
performed in this configuration. Alternatively, additional elements are employed to achieve fractional or very large 
impedance transformation ratios. 

45 The basic configuration of a distributed amplifier is shown in the functional overview of Figure 1. In Figure 1 , a 

distributed amplifier 10 is shown employing a series of active elements 12 distributed along a transmission line-like 
structure formed by inductive input line 14 and inductive output line 16. Each active element 12 comprises elements 
such as, but not limited to, field effect transistors which amplify the signal being transferred. In the amplifier structure 
10, each inductive line, 14 or 16, comprises a series of inductances, Lj or !_<>, and a termination impedance Z 0 or Z x 

so respectively. Here the termination impedances are implemented as resistors. Each active element is illustrated as 
having an input shunt capacitance C; and an output shunt capacitance C 0 . For reasons discussed below, additional 
output shunt capacitors C a are generally required. 

The distributed amplifier structure illustrated in Figure 1 is well known in the art and its structure and operation are 
described in more detail in the literature, such as in the article series "DISTRIBUTED AMPLIFIERS: THEIR TIME 

55 COMES AGAIN," Part 1, appearing in MICROWAVES & RF, November 1984, pages 119-127, and Part 2 in MICRO- 
WAVES & RF, December 1984, pages 126-153, both by W. Kennan and N. K. Osbrink, which are incorporated herein 
by reference. 

In a distributed amplifier, active elements used for amplification of input signals are combined with passive com- 
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ponents to form transmission line-like structures. This structural combination has some of the advantages of transmis- 
sion lines, that of very broad bandwidth and gain flatness. Returning to Figure 1 , it is seen that a synthetic transmission 
line is formed by a shunt input capacitance for each active element 1 2 with an appropriate amount of series inductance. 
The amount of any added inductance is determined by the characteristic impedance desired for the circuit 10 input. 
Gain is realized during signal passage or transfer by forming a second synthetic transmission line which accepts the 
amplified signal from each of the active elements 12 by using the active element output capacitance C c in combination 
with an added shunt capacitance C a . The value of C a and the series inductances Lq, used in the output transmission 
line, are each determined by requiring the input and output transmission line phase velocities to be equivalent. This 
requirement can be expressed as the relationship: 

^=[H-f-f]%pf= v =[1-(7 L ) 2 f/[L o (C 0+ C i )j' t 

is where: 

/ C( = 1/*[L,C,J H 

20 f c = 1/«[L 0 (C 0+ C,)] H 

O 

and / is the operating frequency. This condition must be satisfied for an input signal to be coupled in phase to an output 
signal through the active elements of the distributed amplifier 1 0. Otherwise, signal reflection and degradation will occur. 
25 The input and output transmission lines comprising the distributed amplifier of Figure 1 have characteristic imped- 

ances, Zj and Z 0 , respectively, which are also dependent upon the values chosen for added inductances and capaci- 
tances. The impedances Zj and Z Q can be approximated by the expressions: 

30 Z. = ( F ) [1-(f-) ] 
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and 

35 L 



When the input and output impedances of the distributed amplifier 10 are chosen to be equal, the simultaneous 
40 solution of these equations results in Lj = L 0 and Cj = C G +C a . These expressions form the basis for determining the 
values of the added capacitances and inductances required for the distributed amplifier. 

It can be seen that a simplistic approach to accommodate impedance transformations between two circuit loads, 
an input and an output, would be to adjust the capacitance and inductance values along each of the transmission lines, 
14 and 16, to reflect desired impedance values, input or output, while staying with in the requirements of the first equation 
45 above. That is, each transmission line is adjusted to have the matching impedance for either the input or output, as 
the case may be, while still restricting values to assure phase velocity matching. If the impedances are said to have 
ratios given by the expression Zj=rZ Q , then substitution into the above equations yields: 



C - rC -C 

a t o 

and 

L o = L A 

Those skilled in the art will, however, recognize the limited applicability of this approach to small impedance dif- 
ferences where reasonable performance is obtainable. When the ratio value, r in the above expressions, is less than 
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about 0.33 to 0.25, the value of added capacitance, C a , required to satisfy the above equations is negative. Since this 
is an unobtainable limitation, this technique cannot be used with impedance transformations on the order of 1:3 to 1: 
4 or greater. 

Any output or input transistors employed in distributed amplifiers may also be mismatched in terms of load imped- 

5 ances of the transmission lines, input or output, to which they are connected. This mismatch results in reduced gain 
and increased noise for the circuit, which may also become operationally unstable at certain frequencies. 

At the same time, signal transfers requiring large impedance transformations which use either large inductors and 
small capacitors (for large characteristic impedance), or small inductors and large capacitors (for small characteristic 
impedance), are generally hard to manufacture. Extreme values, either very large or very small, in inductive and ca- 

10 pacitive elements are generally hard to manufacture reliably in monolithic structures and tend to make the circuit char- 
acteristics for manufactured circuits very dependent on variations and specific patterns of their manufacturing process. 

The present invention overcomes these limitations by a new application of the distributed amplifier structure to an 
impedance matching network. The invention comprises the formation of a Constant Line Impedance (CLI) circuit struc- 
ture having either "step-up" or "step-down" impedance properties for improved impedance matching or transformations. 

is An exemplary embodiment of a distributed constant line impedance transformation amplifier constructed according 

to the present invention is illustrated in Figures 2a and 2b. In Figure 2a, a larger output impedance is matched to a 
smaller input impedance accomplishing a step-up transformation. In Figure 2a, the input signal is applied to a series 
of parallel input transmission lines 22a, 22b, through 22n each connected through active elements 24, through 24 m 
(24 1a -24 1n through 24 ma -24 mn ) to a single output transmission line 26. In this configuration, an input signal is split 

20 between n parallel distributed amplifiers each having an input impedance of Zo The value of Z 0 is determined by the 
series impedance Z c and a single active element shunt capacitance. Therefore, the impedance seen by the input load 
is Z</n. The amplifiers all terminate into the common output transmission line, 26, containing passive elements, Zg and 
Z b , which are adjusted to maintain or match the phase velocity of the input lines. This configuration comprises n+1 
synthetic transmission lines, n input and 1 output, interconnected through the active elements 24 and having identical 

25 properties. The output impedance will be the characteristic impedance 2^ of the single transmission line 26. 

In Figure 2b, a configuration for achieving signal amplification and a step-down impedance transformation between 
an input load with a larger impedance and an output load with a smaller impedance is illustrated. In Figure 2b, a 
distributed constant line impedance transformation amplifier 30 is shown using a single or common input transmission 
line 32 to receive the input signal. The signal is then transferred by m parallel active elements 34 (34 1a -34 1n through 

30 34 ma -34 mn ) to a series of parallel transmission lines 36 through 36n. The value of the input line characteristic impedance 
Z Q is determined by the series impedance Zf and a parallel combination of n active element, 34, shunt capacitances. 
The n distributed amplifiers each terminate in separate parallel output transmission lines, 36, having passive elements, 
Z d and Ze, which are adjusted to maintain or match the phase velocity of the input line 32. The output transmission 
lines 36a through 36n are connected in parallel so that the output impedance seen by the output load is 2Jx\. This 

35 configuration also comprises n+1 synthetic transmission lines, with n output and 1 input, each having identical properties 
and resulting in a reduction in the characteristic output impedance. 

In each of the Figure 2 embodiments, m active elements were used in each transmission line. The value of m can 
be varied according to the desired application but those skilled in the art, will readily understand that there is a limit to 
the number of active elements that can be employed. It is known in the art that factors such as transistor capacitances, 

40 and overall area constraints for monolithic circuit design, act to place a limit on the number of active elements used. 

The circuits of Figure 2 also employ added inductances Z^ox Z e which replace the added capacitance Ca previously 
described. While these impedances may include a capacitive value, they also may incorporate inductive elements such 
as stripline conductors. 

To better understand the difference between the method and apparatus of the present invention (constant line 
45 impedance) and prior amplification techniques (line impedance variation), two comparative circuits are illustrated in 
further detail in Figures 3a and 3b. In Figure 3a; a typical distributed amplifier circuit 40 is shown implementing nine 
active elements as cascode pairs of FETs 42 and 44 as the active drivers and microstrip-type input and output trans- 
mission lines 46 and 48, respectively. 

Those skilled in the art will readily understand the cascode configuration which is also discussed in more detail in 
so the literature of the art. Those skilled in the art will also recognize that the value of the inductances, when using microstrip 
transmission line-type elements, is determined by the length and width of the elements. These dimensions are illus- 
trated in the comparative circuits of Figures 3a and 3b. The specific inductance values are chosen in accordance with 
the above equations. For purposes of clarity in illustration, the inductances in Figure 3 are shown to be identical in 
value along a given transmission line. However, to handle a greater amount of power at the output, to adjust impedance 
55 matching, or for other applications, the inductance values can be varied along a transmission line within the limitations 
of the above equations. Such variations are within the contemplation and teachings of the invention. 

In Figure 3a, the input transmission line 46 employs a 50 ohm termination resistor to provide a 50 ohm input 
impedance. The output transmission line 48, employs a 17 ohm termination resister to provide an output impedance 
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of 17 ohm for an impedance ratio of about 3:1. The values of the microstrip transmission line inductances on both 
transmission lines, 46 and 48, are chosen in accordance with the equations discussed above to provide the appropriate 
phase velocities, and then further adjusted to provide the best gain and output match. Such adjustments are readily 
understood and employed by those skilled in the art to meet an application's specific operating requirements. 

£ In Figure 3b, an impedance transformation circuit or amplifier 50 is shown having a series ot cascode pairs of field 

effect transistors 52 and 54 connected to a single input transmission line 56 which employs a 50 ohm termination 
resistor. To achieve the desired 3:1 impedance reduction, the cascode pairs 50 are arranged in parallel sets of three 
per set, that is there are three active elements or transistor amplifiers connected to the input transmission line 56 
between each line inductance. The output FETs 54 lm , 54^, and 54 3m (here m=3), of the cascode pairs, are connected 

10 to the three output transmission lines 58-, , 58 2 , or 58 3 , respectively, each terminated by a 50 ohm resistor. With the 
three output lines 58 connected in parallel, the characteristic output impedance becomes a 50/3 (17) ohms output 
impedance. However, those skilled in the art will understand that the present invention is not limited to the use of three 
parallel distributed amplifiers and other termination values may be employed in order to accommodate other impedance 
transformations. 

is Derived results for gain and output return loss for the circuits of Figure 3 are shown in graphical form in Figure 4. 

The quantities appearing in the graph of Figure 4 are derived using circuit simulation techniques generally employed 
by those skilled in the art. As shown in Figure 4, the output gain for the constant line impedance (CLI) configuration of 
the invention is about 2dB higher and its return loss is significantly lower, by about 5 to 15dB. The line impedance 
variation (LIV) circuit of Figure 3a becomes conditionally stable at about 12.5 GHz while the constant line impedance 

20 circuit of Figure 3b is unconditionally stable across all frequencies with a stability factor greater than 3. The bandwidth 
of the circuit of Figure 3b is slightly reduced by the presence of additional shunt capacitance on the input transmission 
line 56 due to the increased number of transistors, as used for impedance step-down transformations. However, this 
capacitance can be reduced and the bandwidth correspondingly increased by using another capacitor in series with 
the shunt transistors as demonstrated in (see reference above) or through the alternative embodiment discussed below. 

25 These circuit comparisons serve to partially illustrate how the present invention advances the art for impedance 

transformation at high frequencies. To further illustrate the advantages the present invention provides for circuit man- 
ufacture, a series of simulated device or circuit yields were derived for thetwo circuits illustrated in Figure 3. The results 
of these derivations are illustrated in Figures 5a, 5b and 5c. Figure 5 illustrates the results for circuit yield in response 
to variation of S-parameter, resistor tolerance, and line length variations. The criteria used for the simulation analysis 

30 assumed that if circuit gain decreased by more than 10 percent or if the magnitude of the input or output return loss 
degraded by more than 20 percent, the circuit was considered a failure or reject. 

By statistically varying the three important processing parameters one at a time, their impact on circuit production 
for a monolithic device can be statistically approximated. Figure 5a shows the circuit yield variation in response to S- 
Parameter variations, Figure 5b the yield in response to line length variations, and Figure 5c the yield corresponding 

35 to resistor changes. The small inductances required in the LIV circuit to achieve the desired output impedances and 
the mismatching of the transistors contribute to provide the poor yield for the LIV approach. Those skilled in the art will 
readily recognize the substantial improvement that the new constant line impedance technique brings to the art of 
impedance transformation. 

40 EXAMPLE 

An exemplary embodiment of the invention for use in microwave circuits was designed and constructed as a mon- 
olithic device. The circuit employed for this manufacturing example is illustrated in Figure 6. As seen in Figure 6, the 
distributed amplifier transformation circuit 60 is designed to accommodate an input impedance of 25 ohms and an 

45 output impedance of 50 ohms. The cascode transistor pairs employed in the circuit 60 each comprise 0.5 ujti gate 
length GaAs FETs 62 and 64. This type of FET is very useful in manufacturing monolithic circuits for the operating 
frequencies of interest. The passive elements for the inductances comprise transmission lines whose lengths were 
adjusted for maximum signal gain and minimum return loss. The transistor widths were predetermined by simulations 
to be 180 pm to obtain a desired 2-20 GHz bandwidth. The common source FETs 62 m1 and 62 m2 were designed as 

50 single FET structures using a split source in order to bring the gate connection out. The common gate FETs 64 were 
designed as single FET structures with gate connections on both sides. A combined dual FET structure was formed 
which resulted in minimized parasitic capacitances and minimum complexity for easy circuit implementation. 

The constructed circuit was probed, and the measured input and output impedances obtained are illustrated in 
graphic form in Figure 7. In Figure 7, a Smith chart normalized to 50 ohm is used to clearly show an amplifier input 

55 impedance close to 25 ohm and output characteristic impedance of about 50 ohm over the desired frequency range 
of 2-1 9 GHz. 

The gain for the circuit of Figure 6 is illustrated in Figure 8. In order to plot a true gain and return toss for the 
amplifier 60, the S-parameters measured in a 50 ohm environment must be translated via simulation to reflect a 25 
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ohm input termination. The results of this translation are illustrated in Figure 8. From Figur 8, the circuit of Figure 6 
is seen to obtain a gain of 9±1 dB from 4 to 20 GHz and a return loss at the input and output of more than 1 2 dB from 
2 to 1 9 GHz. The DC drain bias was established at about 150 mA at 4 volts for a total DC power consumption of about 
600 mW. The 1dB compression point was measured to be greater than 20 dBm at 9 GHz. 

s Unfortunately, when very large impedance transformations are required, the above constant line impedance meth- 

od may be impractical because of the large capacitance value obtained on the input transmission line. A large capac- 
itance limits the bandwidth and, as previously stated, can reduce the circuit yield to unacceptable levels. In addition, 
a large DC current is required to power the large number of parallel transistors which is undesirable in a power limited 
environment and for minimizing heat Therefore, an alternate embodiment is illustrated in Figure 9 which overcomes 

f0 these limitations. 

Figure 9 illustrates a distributed amplifier impedance transformation apparatus 70 using a single input transmission 
line 76 and a series of parallel transmission lines 78! through 78n being connected to active elements in the form of 
FET cascode pairs. In Figure 9, the common gate FET of the cascode pair used in previous embodiments is replaced 
by a tier of n source coupled common gate FETs, 74, each having a gate width on the order of l/n times the gate width 

*5 of a common source FET 72. The smaller gate widths of each of the common gate FETs 74 mn causes the aggregate 
DC current of the common gate FETs 74 mn to match that of the common source FET 72 m . The high output impedance 
of the common gate FET 74 mn is sufficient to isolate each of the output drain lines between adjacent FETs so that the 
total resulting output return loss approaches that of the constant fine impedance circuit previously disclosed. The DC 
power required to operate the transformation circuit 70 is, however, reduced by a factor of n. Additionally, the bandwidth 

20 js theoretically increased by a factor of n. However, there are limits on the number of common gate FETs 74mn that 
can be placed in series with each common source FET 72m. The corresponding and necessary decrease in size of 
each common gate transistor with each additional parallel FET 74 added, results in a higher output impedance for 
each FET and a correspondingly degrading output gain match with the output transmission lines 78 which must be 
accounted for in designing large impedance transformations. 

2S Applicant has discovered that one advantage of this latter embodiment of the invention is its applicability as a 

broadband matching circuit for a semiconductor laser. Laser diode driver circuit applications typically require an 8:1 
impedance transformation to bridge between a 50 ohm input impedance (control circuit) and a typical laser diode having 
a 6.25 ohm impedance. Currently, there are no impedance matching circuits possible or useful for this application. The 
present invention, however, is useful for achieving such an impedance transformation. 

30 a transformation circuit 80 comprising the necessary 8:1 impedance transformation typically required for a typical 

laser diode application is illustrated in Figure 10. In Figure 10, an 8:1 transformation is obtained by using the constant 
line impedance technique to achieve a 4:1 impedance ratio, and then using the LI V technique to achieve an additional 
2: 1 ratio on each of the parallel active elements or transformation lines. Those skilled in the art will recognize that while 
the input impedance of a laser is not strictly or purely real, it can be accurately represented as a series RL circuit at 

35 high frequency because the internal and parasitic capacitances of the diode are effectively swamped out by the bond 
wire inductance. To account for the bond wire, the final inductance emp toyed for each transmission line or arm of the 
distributed transformation amplifier 80 becomes the bond wire inductance. 

Simulated results of using the broadband laser driver amplifier circuit 80 illustrated in Figure 10 are derived and 
illustrated in Figures 11 and 12. As shown in Figure 11, the laser driver circuit 80 has the desired impedance match 

40 over the frequency range from 0.5 to 1 2.5 GHz. As shown in Figure 12, the laser driver circuit 80 obtains a gain of 8.5 
±1 dB from 0.5 to 1 2.5 GHz and better than 1 0 dB loss at both the input and output. The transistor S-parameters used 
in the simulation for this derivation were measured from 200 jam gate width and 0.25 ujti gate length AIGaAs HEMTs. 
Variation in length for the bonding wires ranging from 1 to 1000 u.m resulted in less than a 1 dB degradation in gain 
and less than 4 dB degradation in output return loss while input return loss remained unchanged. Gain for the circuit 

45 remains substantially flat, independent of bond wire length variations. The laser driver circuit 80 shows clear potential 
for solving the laser diode driver matching problems and establishing new applications for laser diodes. 

For other applications, a step-up transformation may be desired which also takes advantage of the embodiment 
of Figure 9. A general schematic for a step-up version is illustrated in Figure 13. In Figure 13, the step-up impedance 
transformation apparatus 90 is shown with m active elements, each comprising n common source FETs 92 connected 

50 to one of n parallel input transmission lines 98. The drains for the FETs 92mn are connected to the source of a common 
gate FET 94m which transfers signals to the output transmission line 96. With the appropriate inductances as before, 
the circuit of Figure 13 achieves a step-up function. 

While the invention has been described using one input or output transmission line in conjunction with n parallel 
output or input transmission lines, respectively, this is not a limitation. The method and apparatus of the invention also 

55 contemplate the use of additional, multiple, parallel input or output transmission lines in conjunction with the n parallel 
output or input transmission lines, respectively. Such combinations allow the implementation of fractional impedance 
transformations such as, but not limited to, 2.5:1, 3.5:1, or 7.5:1. These transformations may better accommodate 
specific circuit applications required by those skilled in the art. 

i 
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An apparatus for accomplishing fractional or multiple line input and output impedance transformation is illustrated 
in Figure 14. In Figure 14, an impedance transformation apparatus 100 comprises qn distributed amplifiers and each 
employs m active elements 102 m where m is an integer and m = 3. However, it is readily apparent that m can have 
larger values as desired. 

s In this embodiment, every qth active element 102 qmn will be connected to a common first transmission line 106. 

The same qth active elements 102 connect to different second transmission lines 108n. Therefore, if q = 2, then there 
are 2mn active elements and every 2nd element (102^, 102 112 , 102 m , 102 mn , 102 211 , 102 212 , and 102 2mn ) is con- 
nected to a common transmission line 106 q input or output. The same active elements are connected to different 
second transmission lines 108 1( IO82, . . . 108 n . 

10 The result is qn distributed amplifiers configured in parallel with q parallel input or output transmission lines and n 

parallel output or input transmission lines, respectively. The operation of this circuit obtains qZ</n to Z 0 or 2 Q to qZJn 
impedance transformations. 

What has been described then is a new method and apparatus for performing impedance transformations. The 
disclosed embodiments of the invention provide impedance matching transformations for a broad range of applications 

is including microwave antenna circuits, RF impedance transistions, and signal controllers. At least one laser diode driver 
embodiment has been disclosed which provides capabilities previously unknown in the laser art. 

The foregoing description of preferred embodiments have been presented for purposes of illustration and descrip- 
tion. It is not intended to be exhaustive nor to limit the invention to the precise forms disclosed, and many modifications 
and variations are possible within the appended claims. Such variations include various values for n and q as well as 

20 active elements, bias voltages, or additional components. The embodiments were chosen and described to best explain 
the principles of the invention and its practical application to thereby enable others skilled in the art to best utilize the 
invention in various embodiments and with various modifications as are suited to the particular use contemplated. 



25 Claims 

1. Impedance transformation apparatus comprising 

a plurality of m distributed amplifiers with m>1 , each distributed amplifier having a plurality of qn active elements 
30 (Fig, 1 4: 1 20) disposed between a plurality of first and second transmission lines, 

there being q first transmission lines (106) and n second transmission lines (108), with q>1 and/or m>1 , 

with each plurality of said qn active elements having q groups of n active elements, each group being connected 
in common to an individual one of said q transmission lines on one side and individually to respective different 
35 ones of the said n second transmissions lines on the other side, 

whereby q common first transmission lines and n common second transmission lines are formed, 

with said q first transmission lines being further connected in parallel to form a single interface having a first 
impedance, 

40 and said n second transmission lines being further connected in parallel to form a single interface having a 

second impedance. 

2. The apparatus of claim 1 wherein said q common transmission lines are each terminated with a first predetermined 
impedance and form an input and said n transmission lines are each terminated with a second predetermined 

45 impedance and form an output of differing impedance, and the transformation characteristic impedance is deter- 

mined by the ratio of 1/q times the first impedance to 1/n times the second impedance. 

3. The apparatus of claim 1 wherein said n transmission lines are each terminated with a first predetermined imped- 
ance and form an input and said q common transmission lines are each terminated with a second predetermined 

50 impedance and form an output of differing impedance, and the transformation characteristic impedance is deter- 

mined by q/n times the ratio of the first to the second impedance. 

4. The apparatus of claim 3 wherein the impedance of each of said q transmission lines is substantially equal to the 
impedance of each of said n transmission lines. 

55 

5. Impedance transformation apparatus according to claim 1 , in which each plurality of said qn active elements having 
m cascode connected tiers of FETs disposed between said q first and n second transmission lines, each of said 
cascode connected FET tiers including a first FET connected through a gate to one of said q first transmission 
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lines and through a drain to each sourc of a plurality of n second FETs each having a respective second drain 
connected to one of said n second transmission lines. 

6. The apparatus of claim 5 wherein said first FET's comprise common source FET's. 

5 

7. The apparatus of claim 5 wherein said second FET's comprise common gate FETs. 

8. A method of impedance transformation between two impedance loads, comprising the steps of: 

/o providing a plurality of m distributed amplifiers with m>1, each distributed amplifier having a plurality of qn 

active elements (Fig. 14 : 120) configured for amplifying an input signal transferring said signal between a 
plurality of first and second transmission lines (106, 108) having distributed inductive elements; with each 
plurality of said qn active elements having q groups of n active elements, each group being connected in 
common to an individual one of said q transmission lines on one side and individually to respective different 

is ones of said n second transmission lines on the other side, 

configuring said distributed amplifiers with q common first transmission lines (106), where q > 1 and/or m>1, 
using the same inductive elements; 

terminating each of said q common transmission lines with a first predetermined impedance; 
configuring said distributed amplifiers with n different second transmission lines (108) comprising separate 
20 inductive elements p1 ; terminating each of said n second transmission lines with a second predetermined 

impedance; 

connecting said q first transmission lines in parallel so as to form a single interface having a first impedance; 
connecting said n second transmission lines in parallel so as to form a single interface having a second im- 
pedance; 

25 introducing a signal into said second transmission lines to obtain a first desired transformation ratio as deter- 

mined by a ratio of said first predetermined impedance and n/q times said second predetermined impedance; 
and 

introducing a signal into said first transmission lines to obtain a second desired transformation ratio as deter- 
mined by a ratio of q/n times said first predetermined impedance and said second predetermined impedance. 

30 

9. The method of claim 8 further comprising the steps of: 

applying input signals to said q common transmission lines as an input impedance interface; 
terminating said q common transmission lines with an impedance of value Zj, where Z/q is a desired charac- 
35 teristic input load impedance; and 

terminating said second transmission lines with an impedance of value Zq where Zrfn is a desired characteristic 
output load impedance. 

10. The method of claim 9 further comprising the step of setting the value of Zq substantially equal to Z v 

40 

1 1 . The method of claim 8 further comprising the steps of: 

applying input signals to said n parallel transmission lines as an input impedance interface; 
terminating said q common transmission lines (106) with an impedance of value Zq, where Z^q is a desired 
45 characteristic output load impedance; and 

terminating said second transmission lines (108) with an impedance of value Zj where Zy n is a desired char- 
acteristic input load impedance. 

12. The method of claim 11 further comprising the step of setting the value of Zq substantially equal to Z v 

so 

Patentanspruche 

1 . Impedanztransformationsvorrichtung die folgendes aufweist: 

55 

x eine Vielzahl von m verteilten Verstarkern mit m>1 , wobei jederverteilte Verstarker eine Vielzahl von qn aktiven 
Elementen (Figur 14: 120) aufweist, und zwar angeordnet zwischen einer Vielzahl von ersten und zweiten 
Obertragungsleitungen, wobei q erste Obertragungsleitungen (106) und n zweite Obertragungsleitungen (108) 
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mit q>1 und/oder m>1 sind, wobei jedes der Vielzahl der qn aktiven Elemente q Gruppen von n aktiven Ele- 
menten aufweist, wobei jede Gruppe gemeinsam mit einer einzelnen Oder individuellen der q Obertragungs- 
leitungen auf der einen Seite und individuell Oder einzeln mit entsprechenden unterschiedlichen der erwahnten 
n zweiten Obertragungsleitungen aul der anderen Seite verbunden ist, wodurch q gemeinsame erste Ober- 
tragungsleitungen und n gemeinsame zweite Obertragungsleitungen gebildet werden, 

wobei die q ersten Obertragungsleitungen ferner parallel geschaltet sind zur Bildung eines einzigen Interface 
mit einer ersten Impedanz, und wobei die n zweiten Obertragungsleitungen ferner parallel geschaltet sind um 
ein einziges Interface mit einer zweiten Impedanz zu bilden. 

Vorrichtung nach Anspruch 1 , wobei die erwahnten q gemeinsamen Obertragungsleitungen jeweils mit einer ersten 
vorbestimmten Impedanz abgeschlossen sind und einen Eingang bilden, und wobei die n Obertragungsleitungen 
jeweils mit einer zweiten vorbestimmten Impedanz abgeschlossen sind und einen Ausgang mit unterschiedlicher 
Impedanz bilden, und wobei schlieGlich dietransformationscharakteristische Impedanz (Transformations-Wellen- 
widerstand) bestimmt ist durch das Verhaltnis von 1/q mal der ersten Impedanz zu 1/n mal der zweiten Impedanz. 

Vorrichtung nach Anspruch 1 , wobei die n Obertragungsleitungen jeweils mit einer ersten vorbestimmten Impedanz 
abgeschlossen sind und einen Eingang bilden, und wobei die q gemeinsamen Ubertragungsleitungen jeweils mit 
einer zweiten vorbestimmten Impedanz abgeschlossen sind und einen Ausgang unterschiedlicher Impedanz bil- 
den, und wobei die transformationscharakteristische Impedanz durch q/n mal das Verhaltnis der ersten zu der 
zweiten Impedanz bestimmt ist. 

Vorrichtung nach Anspruch 3, wobei die impedanz jeder der q Obertragungsleitungen im wesentlichen gleich der 
Impedanz jeder der n Obertragungsleitungen ist. 

Impedanztransformationsvorrichtung nach Anspruch 1, wobei jede der Vielzahl der qn aktiven Elemente m Kas- 
kaden verbundene Satze von FET's besitzt, und zwar angeordnet zwischen den ersten und n zweiten Obertra- 
gungsleitungen, wobei jeder der Kaskaden verbundenen FET-Satze einen ersten FET aufweist, verbunden durch 
ein Gate mit einer der q ersten Obertragungsleitungen und durch eine Drain zu jeder Source einer Vielzahl von n 
zweiten FET's, wobei jeder eine entsprechende zweite Drain verbunden mit einer der erwahnten n zweiten Ober- 
tragungsleitungen aufweist. 

Vorrichtung nach Anspruch 5, wobei die ersten FET's FET's mit gemeinsamer Source aufweisen. 

Vorrichtung nach Anspruch 5, wobei die zweiten FET's FET's mit gemeinsamen Gate aufweisen. 

Verfahren zur Impedanztransformation zwischen zwei Impedanzlasten, wobei die folgenden Schritte vorgesehen 
sind: 

Vorsehen einer Vielzahl von m verteilten Verstarkem mit m>1, wobei jeder verteilte Verstarker eine Vielzahl 
von aktiven Elementen (Figur 1 4: 1 20) aufweist, und zwar konfiguriert zur Verstarkung eines Eingangssignals, 
das Signal zwischen einer Vielzahl von ersten und zweiten Obertragungsleitungen (106, 108) mit verteilten 
induktiven Elementen ubertragend; 

wobei jede Vielzahl der qn aktiven Elemente q Gruppen von n aktiven Elementen besitzt, und wobei jede 
Gruppe gemeinsam mit einer individuellen oder einzelnen der q Obertragungsleitungen auf einer Seite ver- 
bunden ist und individuell mit entsprechenden Leitungen der n zweiten Obertragungsleitungen auf der anderen 
Seite; 

Konfigurieren der verteilten Verstarker mit q gemeinsamen ersten Obertragungsleitungen (106), wobei q>1 
und/oder m>1 ist, und zwar unter Verwendung der gleichen induktiven Elemente; t 
AbschlieBen jeder der q gemeinsamen Obertragungsleitungen mit einer ersten vorbestimmten Impedanz; 
Konfigurieren der verteilten Verstarker mit n unterschiedlichen zweiten Obertragungsleitungen (108) die se- 
parate induktive Elemente p1 aufweisen; 

AbschlieBen jeder der n zweiten Obertragungsleitungen mit einer zweiten vorbestimmten Impedanz; 
Verbinden der q ersten Obertragungsleitungen parallel um so eine einzige Interface mit einer ersten Impedanz 
zu bilden; 

Verbinden der n zweiten Obertragungsleitungen parallel um so eine einzige Interface mit einer zweiten Impe- 
danz zu bilden; 

Einfuhren eines Signals in die zweiten Obertragungsleitungen um ein erstes gewunschtes Oder Sollubertra- 
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gungs- oder Transformationsverhaltnis zu erhalten, wie es bestimmt ist durch ein Verhaltnis der ersten vor- 
bestimmten Impedanz und n/q mal der zweiten vorbestimmten Impedanz; und 

Einfuhren eines Signals in die ersten Ubertragungsleitungen urn ein zweites gewOnschtes Transformations- 
verhaltnis zu erhalten, und zwar bestimmt durch ein Verhaltnis von q/n mal der ersten vorbestimmten Impedanz 
s und der erwahnten zweiten vorbestimmten Impedanz. 

9. Verfahren nach Anspruch 8, wobei ferner die folgenden Schritte vorgesehen sind: 

Anlegen von Eingangssignalen an die q gemeinsamen Ubertragungsleitungen als eine Eingangsimpedanz- 
10 interface; 

AbschlieGen der q gemeinsamen Ubertragungsleitungen mit einer Impedanz im Wert von z v wobei z/q eine 
gewunschte charakteristtsche Eingangaslastimpedanz (charakteristischer Eingangswellenwiderstand) ist; 
und 

AbschlieBen der zweiten Ubertragungsleitungen mit einer Impedanz im Wert von z 0 , wobei z^Jn eine ge- 
is wunschte Oder sollcharakteristische Ausgangslastimpedanz (Sollausgangslastwellenwiderstand) ist. 

10. Verfahren nach Anspruch 9, wobei ferner der Schritt des Einstellens des Wertes von z 0 im wesentlichen gleich zu 
Zj vorgesehen ist. 

20 11. Verfahren nach Anspruch 8, wobei ferner die folgenden Schritte vorgesehen sind: 

N Anlegen von Eingangssignalen an die n parallelen Ubertragungsleitungen als ein Eingangs impedanz inter- 

face; 

AbschlieBen der q gemeinsamen Ubertragungsleitungen (106) mit einem Impedanzwert von Zq, wobei Z(/q 
25 eine gewunschte charakteristtsche Ausgangslastimpedanz ist; und 

AbschlieBen der zweiten Ubertragungsleitungen (108) mit einer Impedanz im Wert von z v wobei z/n eine 
gewunschte charakteristische Eingangslast impedanz ist. 

1 2. Verfahren nach Anspruch 1 1 , wobei ferner der Schritt des Einstellens des Wertes von z 0 auf im wesentlichen gleich 
30 Zj vorgesehen ist. 

Revendications 

35 1. Appareil de transformation d'impedance, comprenant : 

plusieurs amplificateurs distribu6s en nombre m tel que m > 1 , chaque amplificateur distribu6 ayant plusieurs 
elements actifs en nombre qn (fig. 14 : 120) disposes entre plusieurs premieres et secondes lignes de trans- 
mission, 

40 q premieres lignes de transmission (106) et n secondes lignes de transmission (108) 6tant presentes, avec q 

> 1 et m > 1 , 

chaque ensemble des qn elements actifs ayant q groupes de n elements actifs, chaque groupe etant connects 
en commun a une ligne individuelle des q lignes de transmission d'un premier cot6 et individuellement a des 
lignes respectives difterentes parmi les n secondes lignes de transmission de I'autre c6t6, 
45 si bien que q premieres lignes communes de transmission et n secondes lignes communes de transmission 

sont formers, 

les q premieres lignes de transmission 6tant en outre connecters en parallele pour la formation d'une interface 
unique ayant une premiere impedance, et 

les n secondes lignes de transmission Gtant en outre connecters en parallele afin qu'elles torment une interface 
50 unique ayant une seconde impedance. 

2. Appareil selon la revendication 1 , dans lequel les q lignes de transmission communes sont termin6es chacune 
par une premiere impedance predetermined et torment une entr6e et les n lignes de transmission sont termin6es 
chacune par une seconde impedance predetermined et torment une sortie pour Timpedance differente, et I'imp6- 

55 dance caracteristique de transformation est d&erminee par le rapport de 1/q fois la premiere impedance a 1/n fois 

la seconde impedance. 

3. Appareil selon la revendication 1 1 dans lequel les n lignes de transmission sont termin6es chacune par une pre- 
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miere impedance predetermined et torment une entree et les q lignes communes de transmission sont terminees 
chacune par une seconde imp6dance predeterminee et torment une sortie d' impedance differente, et ('impedance 
caracteristique de transformation est d&erminee par q/n fois le rapport de la premiere a ia seconde impedance. 

5 4. Appareil seion ia revendication 3, dans lequel I'impedance de chacune des q lignes de transmission est pratique- 
ment egale a I'impedance de chacune des n lignes de transmission. 

5. Appareil de transformation d'impedance selon ia revendication 1 , dans lequel chaque ensemble des qn elements 
actifs ayant m rangees a montage cascode de transistors a effet de champ disposes entre les q premieres et n 
10 secondes lignes de transmission, chacune des rangees de transistors a effet de champ a montage cascode com- 

prenant un premier transistor a effet de champ connecte, par une grille, a Tune des q premieres lignes de trans- 
mission et, par un drain, a chaque source de n seconds transistors a effet de champ ayant chacun un second 
drain respectif connecte a Tune des n secondes lignes de transmission. 

is 6. Appareil selon la revendication 5, dans lequel les premiers transistors a effet de champ sont des transistors a effet 
de champ a source commune. 

7. Appareil selon la revendication 5, dans lequel les seconds transistors a effet de champ sont des transistors a effet 
de champ a grille commune. 

20 

8. Procede de transformation d'impedance entre deux charges d'impedance, comprenant les etapes suivantes : 

la disposition d'amplificateurs distribues en nombre egal a m tel que m > 1 , chaque amplificateur distribue 
ayant qn elements actifs (fig. 14 : 120) dont la configuration permet ('amplification d'un signal d'entr6e avec 
25 transf ert du signal entre plusieurs premieres et secondes lignes de transmission ( 1 06, 1 08) ayant des Elements 

inductifs distribues, 

chaque 6lement des qn elements actifs ayant q groupes de n elements actifs, chaque groupe etant connecte 
en commun a une ligne individuelle parmi les q lignes de transmission d'un premier cote et individuellement 
a des lignes differentes respectives parmi les n secondes lignes de transmission de I'autre cote, 
30 la configuration des amplificateurs distribues avec q premieres lignes communes de transmission (1 06), telies 

que q > 1 et/ou m > 1, a I'aide des memes elements inductifs, 

la terminaison de chacune des q lignes de transmission communes avec une premiere impedance predeter- 
mine, 

la configuration des amplificateurs distribues avec n secondes lignes de transmission differentes (108) com- 
35 prenant des elements inductifs separes p1 , la terminaison de chacune des n secondes lignes de transmission 

par une seconde impedance predetermined, 

la connexion des q premieres lignes de transmission en parallele afin qu'elles torment une interface unique 
ayant une premiere impedance, 

la connexion des n secondes lignes de transmission en parallele afin qu'elles torment une interface unique 
40 ayant une seconde impedance, 

Introduction d'un signal dans les secondes lignes de transmission pour I'obtention d'un premier rapport voulu 
de transformation determine par le rapport de la premiere impedance predeterminee et de n/q fois la seconde 
impedance predetermined, et 

('introduction d'un signal dans les premieres lignes de transmission pour I'obtention d'un second rapport voulu 
45 de transformation determine par le rapport de q/n fois la premiere impedance predetermined et de la seconde 

impedance predetermined. 

9. Procede selon la revendication 8, comprenant en outre les 6tapes suivantes : 

so ('application de signaux d'entree aux q lignes de transmission communes sous forme d'une interface d'impe- 

dance d'entree, 

la terminaison des q lignes de transmission communes avec une impedance de vaieur Zj, telle que Z/q cons- 
titue une impedance de charge d'entree caracteristique voulue, et 

la terminaison des secondes tignes de transmission par une impedance de vaieur Zq telle que Z^n est une 
55 impedance de charge de sortie caracteristique voulue. 

10. Procede selon la revendication 9, comprenant en outre une etape de reglage de la vaieur de 7$ afin qu'elle soit 
pratiquement 6gale a la vaieur Zj. 
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11. Proc&Je selon la revendication 8, comprenant en outre les etapes suivantes : 

I'application de signaux d'entr6e aux n lignes paralleles de transmission sous forme d'une interface d'impe- 
dance d'entr6e, 

5 la terminaison des q lignes de transmission communes (1 06) a une impedance de valeur Zq telle que Z^/q est 

une impedance de charge de sortie caract6ristique voulue, et 

la terminaison des secondes lignes de transmission (108) par une impedance de valeur Zj telle que Z/n est 
une impedance de charge d'entrde caract6ristique voulue. 

10 12. ProcedS selon la revendication 11, comprenant en outre I'elape de r6glage de la valeur de Zq afin qu'elle soit 
pratiquement egale a Z v 
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